The methods used for phantom construction clearly depend on the type of phantom to be built and the application to which it will be put. They range in complexity from the simple cubes used for radiotherapy dosimetry to the highly detailed anthropomorphic phantoms developed to intercompare and calibrate counting systems for in-vivo measurement of internally deposited low-energy photon emitters (plutonium-239, etc.) . The most important aspects of construction are that: (i) The spatial distribution of the phantom components in the basic design must adequately represent the body tissues or organs to be simulated. (ii) The tissue substitutes used, their physical dimensions, tolerances and spatial arrangement must be sufficiently reproducible that any dosimetric measurements using the phantom are within the accuracy required of the application. Body Phantoms. The fabrication of body phantoms, particularly those simulating the whole body or complex organ arrays can be a most difficult and exacting task. They require the fabrication of a number of inter-related and complex shapes and surfaces, using multiple tissue substitute formulations to simulate various tissues (muscle, adipose tissue, osseous tissue, lung, etc.). The detail and precision necessary for the fabrication process are determined by the application, and type and energy of the radiation involved. A particularly demanding task is development of phantoms representing the torso for the calibration of detectors used for in-vivo quantification of transuranic nuclides. For that application, it is necessary to simulate lung, rib cage, including cartilage, muscle and adipose tissue, as well as associated organs (heart, lymph nodes, liver, etc.) . Because of the attenuation properties of low energy x rays (e.g., 17 keV from plutonium-239), spatial accuracies of ± 1 mm are necessary, and errors in the required tissue substitute composition must be less than a percent, especially for those filler materials with atomic numbers > 20.
For complex phantoms, one of the most difficult aspects of fabrication is the development of the molds. One approach is to use castings made from the body and organs of a cadaver (Griffith et al., 1979) . This has obvious drawbacks and limitations. However, if done carefully, it can provide an exact anatomical reproduction. For many applications, a more satisfactory technique is to use anatomical crosssections that have been either published, or derived from CT and MRI scans. In either case, the dimensions of the cross-sections can be modified, if necessary, using scaling factors. Once obtained, the crosssections can be layered with surfaces generated or sculpted by appropriate interpolation techniques. Production of the final molds and their configuration clearly depends on the ultimate application. For example, if the phantom is to be used for detailed depth-dose measurements, the molds may have to be designed to produce a sectioned end-product. When measuring internal deposition of radionuclides using external detectors, it may be more suitable to use a calibration phantom consisting of a vacuum-formed plastic body-shell which contains a skeleton, replicated organs and a liquid soft tissue substitute. Such phantoms are also useful in radiation dosimetry if suitable cavities for dosimeters are provided.
Except for the most simple applications, it is necessary to mold body phantoms by a sequential casting process. The basic fabrication of each component part for cold-cure casting systems is: (a) mill the inert material into one liquid component; (b) combine liquid components and mix thoroughly; (c) evacuate the liquid formulation and (d) pour into the mold(s) [see Standard Phantom (page 163)]. A typical fabrication sequence for the whole phantom involves:
(i) Casting core parts (usually osseous tissues) (ii) Assembling and fixing them in the proper position within a larger mold such as a torso shell or external limb (arm, leg, etc.). (iii) Filling the mold with tissue substitute representing soft tissues, so that the core parts are encased. (iv) Individual organs that are to be represented as specific volumes distinct from the rest of the phantom, either in composition or as removable components, may be cast separately. (v) If permanent organ emplacement is desired, they can then be fixed in the proper position within the mold which defines the encapsulating tissue as described in steps (ii) and (iii). Standard Phantoms. The construction technique and requirements for standard phantoms are relatively simple, compared with anthropomorphic phantoms. Since water is often adopted as the tissue substitute of choice, the only requirements are a leak-proof plastic container of the proper shape, dimensions and radiation transmission characteristics, together with a source of distilled water. The container material is normally either acrylic (Lucite, Plexiglas, Perspex) or polycarbonate (Lexan, etc.) . Although polycarbonate has better structural strength, acrylics are more frequently used because of the ease of bonding and sealing. The phantom is significantly larger than the beam dimensions, so screws or other small metal fasteners should not present a radiation scattering problem. However, it is still recommended that non-metallic fasteners be used in assembling the sides of the phantom. Plastic glues or solvents are necessary to provide additional fastening and liquid sealing. The entrance side or window should be sufficiently thin to minimize radiation attenuation. This is of most significance for electron beams. The other sides and the bottom can be thick enough to provide the necessary strength. The inclusion of air-traps or expansion balloons may be required.
Standard phantoms may also be fabricated from solid substitute materials such as WTl ("Solid Water"), provided the substitute has the required radiation attenuation properties and can be fabricated to the required tolerances.
Cold-cure resins and polymers are particularly well-suited for the manufacture of standard phantoms. For example, the epoxy resin-based materials (White et al., 1977) or polyurethane-based substitutes (Griffith, 1980) can be readily cast into the desired volume. Information on other appropriate materials has recently been compiled [ICRU Report 44 (ICRU, 1989) ]. In concept, the casting process is straight-forward and similar to that described for body phantoms. Typically, the basis for the substitute formulation is a plastic that requires combination of two liquid components. Inert materials such as calcium carbonate are added and thoroughly milled into one component before mixing with the second component so that the final solid material has the proper radiation interaction properties. After, or while the two liquids are mixed, a large-volume vacuum system is necessary to evacuate the solution before it solidifies so that the finished shape will be free of voids or trapped air bubbles. Material solidification time depends on the particular plastic formulation and commercial source, and ranges from a few minutes to many hours. The quality of the finished Fabrication Techniques ... 163 product may depend heavily on the time constraints of the casting process. The complete phantom may be made up of one homogeneous block (by single or multiple casting) or made of sections glued or pinned together with materials having radiation attenuation properties similar to the rest of the phantom.
Cavities for dosimeters may be readily fabricated in both contained liquid phantoms and in solid phantoms. In the former, an acrylic or polycarbonate tube or rod, machined to fit the dosimeter closely, is securely fixed through the phantom at the required position. In the case of standard phantoms comprised of solid materials, close-fitting cavities for dosimeters may be cast in situ or machined when the block has hardened.
Reference and Calibration Phantoms. The 30 cm diameter reference phantom first described in ICRU Report 33 (ICRU, 1980) is used for radiation protection dosimetry applications. For the most part, the computational model has been used as a theoretical model for the definition of photon and neutron fluence-to-dose equivalent conversion factors. It has significant practical limitations as a phantom for calibration of radiation dosimeters and instruments. However, a few laboratories have made such phantoms for characterization of radiation fields, or to provide a primary reference for calibration of small numbers of dosimeters.
The spherical reference phantom can either be in the form of a hollow plastic shell filled with a liquid tissue substitute or a solid sphere. A liquid-filled version has been made which provides the user with the facility to measure absorbed dose index and determine dose equivalent index in a mixed radiation field (Zielczynski and Marjanska, 1979) . The phantom is more difficult to fabricate than the cubic standard phantoms, but the same material selection considerations apply. The shell can be assembled from two hemispherical shells that have been vacuumformed. It is also possible to turn the hemispherical shells on a lathe, if the necessary equipment is available. Whether the hemispherical shells are vacuum-formed or machined, a narrow flange (1 to 2 cm) left on the edge can be used to fasten the halves together. Again, of course, a plastic glue, solvent or gasket is needed to provide a liquid-tight seal. Cavities necessary to accommodate the detectors used for depth-dose measurements will depend on the specific application. For photon and certain neutron applications, pure water is a suitable tissue substitute for the spherical volume. If accuracies of a few percent or less are required, a more specifically formulated liquid tissue substitute may be necessary [ICRU Report 44 (ICRU, 1989) ].
The cold-cure resins and polymers mentioned for body and standard phantoms may be used for the manufacture of solid reference or calibration phantoms. Phantoms in the form of spheres, cylinders and cubes may be cast using the same casting sequence as described earlier for body phantoms.
If the phantoms are to be used for depth-dose determinations rather than merely for backscatter production, suitable cavities need to be cast directly or machined in the hardened block. The casting technique is particularly useful if several identical phantoms are to be made.
Bolus. Particulate bolus [e.g., Lincolnshire bolus (Lindsay and Stern, 1953) ] must be contained in suitable fabric or plastic bags. If a nonporous material is used for each bag, trapped air between the volume of bolus and the bag must be removed before the bag is sealed. Liquids (e.g., water) must, of necessity, be contained in one or two sealed, evacuated non-porous bags. Non-porous bags must be used for water-based gels, pastes and solids in order to inhibit water loss. Bolus bags made of elastic thermo-plastics may be readily heat-sealed while the filled bags are easily molded into the contours of the patient.
Solid bolus materials that are malleable or that can be molded directly to the desired shape, require containment if they have liquid components that evaporate at room temperatures. Similar containment is necessary if the bolus has components that have suspected toxicity (e.g., skin irritants), although the use of such materials is not recommended [ICRU Report 44 (ICRU, 1989) ].
Imaging Phantoms. Any imaging phantom that attempts to replicate a part of the human anatomy with a reasonable degree of realism, will be difficult to fabricate. The comments given in the earlier section on body phantoms will apply to its manufacture. Test pieces representing low-contrast objects (e.g., tumors, cysts) and high contrast objects (e.g., calculi) are usually embedded in the phantom to assess image quality (contrast and resolution). The fabrication of these objects becomes progressively more difficult as the required dimensions fall below 1 mm. For dimensions in the range 20 µm to 1 mm, specialized machining techniques have to be used if suitable commercial plastic filaments, rods and spheres and metallic or ceramic wires and spheres are not available. Carefully graded particulate systems may be used to represent these microscopic objects.
More detailed discussions on the preparation of tissue substitutes can be found in the review of White and Constantinou (1982) and ICRU Report 44 (ICRU 1989) . The fabrication of phantoms is discussed by Speight et al. (1964 ), Griffith et al. (1979 , White and Tucker (1980), Fry and Sumerling (1982) , White and Constantinou (1982) and Shirotani (1988) .
